There are two neuropilins, neuropilin-1 and neuropilin-2, nervous system known to contain semaphorin-responwhich bind the five class 3 semaphorins differentially. sive neurons. Using a chimeric receptor construct, Thus, Sema3A binds neuropilin-1 preferentially, whereas we provide evidence that plexin-A3 can transduce a were coexpressed with neuropilin-1 and shown to trans-5 Present address:
Western blot analysis revealed the absence of plexinand refer to them collectively as plexin-A3 knockout mice. A3 protein from P1 brain lysates from plexin-A3-deficient mice ( Figure 2E ), whereas its presence was readily detected in wild-type P1 brain lysates. Thus, plexin-A3
Responsiveness of SCG and DRG Axons from Plexin-A3 Mutants to Sema3A mutant mice have undetectable levels of plexin-A3 mRNA and protein and can be considered plexin-A3 null and Sema3F In Vitro Since plexin-A3 is highly expressed in SCG and DRG, mutants. The phenotypes described below are highly penetrant. Since plexin-A3 is on the X chromosome, we tested whether loss of plexin-A3 function impairs responsiveness of these tissues to Sema3A and/or we did not analyze heterozygous females due to the complication of random X inactivation occurring in each Sema3F. Both Sema3F and Sema3A normally repel axons from E13.5 SCG, whereas only Sema3A repels nerve female mouse. For simplicity, we treated hemizygous males and homozygous females in the same fashion growth factor (NGF)-dependent axons from E12.5 DRG 
(B) Southern blot analysis of two targeted ES cells (knockout, lanes 1 and 2) and control ES cells (wild-type, lanes 3 and 4). Genomic DNA was digested with KpnI and subjected to Southern blot analysis with the 5Ј probe as indicated in (A). The sizes of the wild-type and mutant alleles are 8.7 and 3.8 kb, respectively. Plexin-A3 was predicted to be on the X chromosome (see text). Since the ES cells are derived from males (XY), the absence of a wild-type band in the targeted cells confirmed our prediction. WT, wild-type; KO, plexin-A3 knockout mice. (C) PCR genotyping of six pups from a cross between a heterozygote female and a wild-type male. The sizes of PCR products are 434 and 300 bp for the wild-type and mutant alleles, respectively (M, male; F, female). (D) RT-PCR was performed on total RNA from E16.5 embryos to show that RNA for plexin-A3 is missing in knockout embryos. PCR genotyping was performed to confirm the alleles. Since sexing embryos is difficult at E16.5, (ϩ) indicates a wild-type animal, and (-) indicates a homozygote female or a hemizygous male. (E) Plexin-A3 protein is undetectable in knockout mice by Western blot analysis on P1 brain lysates. The genotypes of all animals were confirmed by PCR (see [C]). A plexin-A3 cDNA was transfected into COS cells, and the cell lysate was collected as a control (C). Filled triangles in (B)-(E) indicate wild-type bands. Open triangles in (B) and (C) indicate mutant bands.
(Chen et al., 1998; Giger et al., 1998). We first tested E12.5 DRG axons are normally repelled by Sema3A but not Sema3F (Giger et al., 1998), so we also tested Sema3F-mediated repulsion of E13.5 SCG in wild-type and plexin-A3 mutant mice in a three-dimension collathe response of DRG axons from plexin-A3 mutant mice to Sema3A. When we presented DRG explants from gen matrix. Strong Sema3F repulsion of SCG axons from wild-type mice was observed, whereas the repulsion of wild-type and mutant mice with Sema3A-transfected COS cells, we observed a mild defect in plexin-A3 reaxons from knockout mice was essentially abolished ( Figures 3A, 3B, and 3D ). The reduction is comparable sponsiveness (Figures 3I and 3L ). This difference was most pronounced when we exposed the axons to a 1/2 to that observed in neuropilin-2 knockout mice (Chen et Plexin-A3 is also strongly expressed in the developing knockout mice were no longer responsive to the diluted and the adult hippocampal formation ( Figure 1D ) and in source of Sema3A, whereas wild-type SCG axons reregions that project to hippocampus, such as the sepsponded robustly. Western blot analysis showed that tum and entorhinal cortex (data not shown). It has been the amount of protein produced by each dilution was shown that axons of embryonic neurons from explants reduced by the appropriate dilution factor (data not of the DG, CA3, and CA1 regions of the hippocampus shown). Thus, our results show that SCG axons from are repelled by both Sema3A and Sema3F (Chedotal et plexin-A3 mutants lose their response to a lower conal., 1998). To determine whether plexin-A3 plays a role centration of Sema3A, suggesting a role for plexin-A3 in the Sema3A signaling complex.
in semaphorin-mediated repulsion of these axons, ex- , 1978) . In A3 plays in the development of these afferent projections. At P5, the hippocampal commissural pathway has plexin-A3 mutant mice, the main mossy fiber pathway appeared normal. However, the fibers of the infrapyramibeen established (Super and Soriano, 1994). A crystal of DiI was placed in the pyramidal cell layer of CA3 of dal bundle did not cross the pyramidal cell layer to join the main mossy fiber pathway soon after leaving the P5 wild-type and plexin-A3 mutant mice and allowed to label the commissural pathway anterogradely. In wildhilus as they do in wild-type mice (Figures 7C and 7E) . . DiI-labeled axons entered the hippocampus through the fimbria and then traveled through SO and the other animals (2/11) appeared normal. In the nine affected animals, the decrease became more proterminated in SR, immediately adjacent to the pyramidal cell layer. The entire fimbrial area was labeled by DiI nounced at more temporal/caudal levels of the hippocampus until virtually no label could be seen by midsepthroughout the septo/temporal extent of the hippocampus ( Figure 8B ) because of the large number of commistal/temporal levels. The labeled fibers also entered the ( Figure 8F ) instead of in the SR. In the other affected animals (2/9), the DiI-labeled axons were seen exclusively in SO with no labeling in SR or SLM, suggesting inappropriate termination within SO (data not shown).
To rule out the possibility that pyramidal cell axons (commissural axons) were not being labeled either because of improper crystal placement or defects in axon formation or growth, we also investigated the amount and pattern of DiI labeling at the level of the hippocampal commissure. In wild-type mice, many DiI-labeled axons were seen on the side of the DiI injection ( Figure 8G , denoted by *). Additionally, many of these axons were seen to cross the midline to the contralateral side. In the plexin-A3 knockout mice, many axons could be seen on the side of DiI placement ( Figure 8J, denoted by *) , suggesting that the DiI crystals were placed properly and that axon formation and growth was not obviously defective. However, only a few of these labeled fibers crossed the midline, suggesting these fibers were being inappropriately targeted to a different region of the brain. Comparison of the septal regions from these wild-type and mutant brains revealed substantially increased labeling throughout the septum in the mutant animals. In wild-type animals, only retrograde labeled cell bodies in the medial septum and occasional axons in lateral septal areas were observed with the CA3 DiI placement ( Figure 8H ; Super and Soriano, 1994). However, in plexin-A3 mutant animals, DiI-labeled axons were seen in medial and lateral septum and in the ventral portion of the septum known as the nucleus of the diagonal band ( Figure 8K ). This strongly suggests that in plexin-A3 mutants the commissural axons were not crossing the midline and entering the hippocampus through the fimbria but instead were inappropriately misrouted to the ipsilateral septum.
We next tested whether other hippocampal afferent projections are also defective. We placed crystals of DiI in entorhinal cortex of P5 wild-type and mutant mice. In both, this resulted in DiI labeling of the fimbria, the alvear pathway, as well as axons terminating selectively in SLM in CA3 and CA1 and in the outer molecular layer of the DG (Figures 8M, 8N , and 8Q; Super and Soriano, 1994). Crystals were also placed in medial septum of ing loss of plexin-A3 function, a more detailed characterization of these tracts in the mutant animals will require additional studies. hippocampus through the fimbria but were so few in Abnormalities in laminar termination of commissural numbers that individual axons could be distinguished. fibers have previously been reported to occur secondAdditionally, in many of these animals (7/9), the axons arily to loss or abnormal distribution of Cajal-Retzius that did enter the contralateral hippocampus terminated (CR) cells, which populate SLM exclusively (Borrell et al., 1999). However, this generally occurs in concert with inappropriately in SLM or at the border of SLM and SR Additionally, neurons in area CA1 of the hippocampus extend axons that project through the hippocampal commissure but exit prior to crossing the midline to enter the ipsilateral septum (blue axons). In KO mice (R), commissural axons enter the hippocampal commissure, but most do not cross the midline and instead project to the same general area as hippocampal-septal projections (red axons) ignoring semaphorins expressed in the area. CC, corpus callosum; DG, dentate gyrus; DGL, dentate granular layer; Fi, fimbria; H, hippocampus; LS, lateral septum; MS, medial septum; NDB, nucleus of the diagonal band; S, septum; SLM, stratum lacunosum-moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars: (A), (G), (H), and (M), 300 m; (I) , 250 m. Hippocampal axons from plexin-A3-deficient mice lose Sema3F signaling, respectively. It is reasonable to protheir responsiveness to Sema3F and Sema3A in vitro, pose that plexin-A3 and neuropilin-1 complex to form and the absence of plexin-A3 in vivo affects hippocama Sema3A receptor, whereas plexin-A3 and neuropilin-2 pal pathfinding. Consistent with the mutant phenotype form a Sema3F receptor. In two tissues that respond to in the hippocampus, plexin-A3 is expressed at high levSema3F, the SG and hippocampus, plexin-A3 is necesels in the dentate gyrus. The exaggerated extension sary for Sema3F-mediated repulsion, and it is therefore a of the infrapyramidal bundle in plexin-A3 mutant mice necessary component of the Sema3F receptor complex.
Sections were counterstained with sytox green (green) to aid in visualization of laminae. Insets in (A), (G), and (H) show the rostrocaudal level at which analysis was performed. (A and D) Sytox green staining of wild-type (A) and mutant (D) hippocampus demonstrates that comparable anatomical levels of brain were analyzed. Regions from (A) and (D) are displayed at higher magnification with both DiI and counterstain shown in (B) and (C) and (E) and (F), respectively. (B and E) Comparison of the fimbrial region of wild-type (B) and mutant (E) animals shows that many DiI-labeled axons enter the fimbria in the wild-type hippocampus, but only occasional fibers enter the fimbria of the mutant hippocampus. (C and F) Closer inspection of the CA1 region in wild-type (C) and mutant (F) animals reveals differences in the termination

Axons from
suggests that plexin-A3 is necessary for the proper tarOn the other hand, loss of plexin-A3 only partially degeting of these fibers. Infrapyramidal axons still cross creases Sema3A-mediated repulsion in all Sema3A-the pyramidal layer to join the main mossy fiber pathway responsive neurons examined. This might be due to but at greater distances than in the wild-type animals. presence of a redundant receptor in those neurons that This is consistent with plexin-A3 controlling axon posiis also capable of mediating a Sema3A signal. The retioning, potentially through a repulsive mechanism. Alcently discovered plexin-A subfamily member plexin-A4 ternatively, this phenotype may be due to abnormal or is a candidate for this receptor. In this model, the improper fasciculation, although the general state of Sema3A signal is transduced by receptor complexes of fasciculation seems to be normal in the mossy fiber neuropilin-1 with plexin-A3 and with plexin-A4, so that pathway of these mutant animals. In addition, the presloss of plexin-A3 only partially impairs the response, ence of mossy fiber boutons, as demonstrated by the and the effect of the loss is most evident at low concenpresence of Timm staining in the ectopic mossy fibers, trations of Sema3A. implies these axons attain a level of functional maturity Whereas the fact that the neurons from plexin-A3 muand suggests they may make connections with other tant animals only partially lose responses to Sema3A cells, presumably resulting in the development of abnorimplies that there is a redundant receptor, the fact that mal circuitry in these animals. Interestingly, the length some of the same neurons (SG and hippocampal neuof the infrapyramidal mossy fiber projection appears rons) lose essentially all responsiveness to Sema3F imto be positively correlated with performance in spatial plies that this redundant receptor (perhaps plexin-A4) learning and memory tasks ( 
